We present temperature dependent inelastic neutron scattering measurments, accompanied byabinitio calculations of phonon spectra and elastic properties as a function of pressure to understand anharmonicity of phonons and to study the mechanism of negative thermal expansion and negative linear compressibility behaviour of ZnAu2(CN)4. The mechanism is identified in terms of specific anharmonic modes that involve bending of the Zn(CN)4-Au-Zn(CN)4 linkage. The high-pressure phase transition at about 2 GPa is also investigated and found to be related to softening of a phonon mode at the L-point at the Brillouin zone boundary and its coupling with a zone-centre phonon and an M-point phonon in the ambient pressure phase. Although the phase transition is primarily driven by a L-point soft phonon mode, which usually leads to a second order transition with a 2×2×2 supercell, in the present case the structure is close to an elastic instability that leads to a weakly first order transition.
Introduction
The conventional behaviour of positive thermal expansion (volume increase upon heating) is observed in most compounds. However, there are a few compounds where the opposite is observed, i.e., volume contraction on heating, and are known as negative thermal expansion (NTE) materials. Known cases of NTE materials include water, invar alloy, silicon and germanium, which exhibit the phenomenon in narrow range of temperature. The phenomenon of NTE in elemental solids has been known for a long time. However, the discovery of NTE behaviour in ZrW2O8 over a very large temperature range has triggered a keen interest in the field. In this context, many compounds have been discovered, which show NTE behaviour . This particularly applies to metal oxide frameworks (MOF) 1, [33] [34] [35] [36] which consist of rigid polyhedral units,e.g.,ZrW2O8, ZrV2O7, HfV2O7, Sc2(MoO4)3, LiAlSiO4, Mg2Al4Si5O18, etc. The discovery of large NTE behavior in Zn(CN)2has led to tremendous research opportunities in cyanide based compounds. Thus, a large number of cyanide compounds 9, 20, 24, 26, 29, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] have been discovered Usually materials contract in all directions under increasing hydrostatic pressure; however, there exists a small number of materials known to expand along a specific direction while undergoing total volume reduction under pressure. This unusual pressure behavior, known as negative linear compressibility (NLC), is remarkably rare but has potential applications in high-pressure environments, such as optical telecommunication lines, shock absorber, highly sensitive pressure detector, body armor etc. Both NLC and NTE are practically relevant to pressure sensitive switches and temperature detectors for seismic, sonar and aircraft applications. Compounds exhibiting these phenomena enter in the fabrication of incompressible as well as temperature resistible composites of smart materials for next generation body armour. There are very few attempts to address the possible mechanism that drives NLC 28, 44 . The temperature dependence of the unit cell parameters of ZnAu2(CN)4
(space group P6222) indicates 28, 44 that the thermal expansion is anisotropic and negative along the caxis (αa~ 36.9×10
). Moreover, applying a hydrostatic pressure leads to an expansion the c-axis 28 . The structure consists of molecular frameworks of Zn(CN)4 units connected via
Au atoms. The Zn(CN)4tetrahedra are connected by dicyanoaurate (NC-Au-CN) linkage. The topology of this particular compound is identical to that of β-quartz (Fig 1) . The honeycomb structure of ZnAu2(CN)4 consists of polyhedral units and is believed to be responsible for its anomalous features. The compound also exhibits pressure driven structural phase transition at ~1.8GPa 28 . The unit cell of the high pressure phase is a 2x2x2 supercell of the ambient pressure phase. The transition is driven by softening of an L-point phonon mode in the Brillouin zone. This phase also shows NLC behavior along the c-axis but with a lower magnitude in comparison to that of the ambient phase. We have used inelastic neutron scattering measurements and state of the art ab-initio density functional theory (DFT) calculations to explore role of phonons in driving the observed anomalous thermodynamical behavior of ZnAu2(CN)4.
II. EXPERIMENTAL DETAILS
Inelastic neutron scattering measurements on about 1 cc of polycrystalline sample of ZnAu2 and 400 K, in the neutron energy gain setup and high-resolution mode, using an incident wavelength of 5.12 Å (3.12meV). In the incoherent one-phonon approximation, the measured scattering function S(Q,E), as observed in the neutron experiments, is related to the phonon density of states g (n)( E) as follows:
where the + or -signs correspond to energy loss or gain of the neutrons respectively and [ ] 
III. COMPUTATIONAL DETAILS
There are 66 atoms in the unit cell of ZnAu2(CN)4 in ambient phase, which gives 198 modes. The PHONON software 57, 58 is used to estimate phonon frequencies in the entire Brillouin zone, as a subsequent step to density functional theory total energy calculations using the VASP [59] [60] [61] [62] software. The (Table I ).The van-der Waals interaction has been included using the vdw-DFT method 61, 62 and using optB88-vdW functional 61, 63 .
The thermal expansion behaviour has been computed under the quasiharmonic approximation.
Each phonon mode of energy Eqj (j th phonon mode at point q in the Brillouin zone) contributes to the thermal expansion coefficient, which is given by following relation for a hexagonal system:
WhereV0 is the unit cell volume, , and are the anisotropic mode Grüneisen parameters. In a hexagonal system, Grüneisen parameters = . The mode Grüneisen parameter of phonon energy Eq,j is given
Here sij are elements of elastic compliances matrix s = C -1
. Cv(q,j,T) is the specific-heat contribution of the phonons of energy Eq,j and given as
The volume thermal expansion coefficient for a hexagonal system is given by: In order to analyse the measured inelastic neutron spectra and to gain insights intothe observed anamolous behaviour of the compound, we have computed the phonon spectrumin the entire Brillouin zone. Table I compares calculated structure with the X-ray diffraction measurements at T=300K meV, has a major contribution from N atom; however, both C and N contribute almost equally within the range30 -80 meV.
B. Anisotropic Thermal Expansion behaviour
The thermal expansion behaviour of a compound arises from anharmonic atomic vibrations. It is expected that some of the phonons contribute to NTE while others contribute to normal (positive) expansion of the material. Phonon modes leading to the anomalous thermal expansion behaviour should ne identified. The anomalous behaviour can be understood by calculating the mode Grüneisen parameters and elastic compliance of the material. Equation (3) and (4) to the entire spectral range, up to 280 meV. Whereas Zn and Au atoms contribute up to 80meV. However, the lower energy spectra below 20meV are largely dominated by heavier Au atoms. When the stress is applied, the maximum changes in the phonon spectra are observed above 20meV. Interestingly, modes in the range20-30meV and above 60 meV behave differently than modes in the range 30 -60meV.
The calculated Grüneisen parameters due to change in lattice parameters 'a' and 'c' are shown in Grüneisen parameters differ significantly. This indicates that the anharmonic phonon behaviour is highly anisotropic. In order to analyse the thermal expansion contribution from various phonon of energy E in the Brillion zone, we have computed the linear thermal expansion coefficient as a function of phonon energy at T=300 K (Fig 7(a) ). It is interesting to see that modes which are contributing to the positive expansion in the ab' plane contribute to negative expansion along 'c' axis. This is due to NLC of the compound, which is attributed to the flexible structure of ZnAu2(CN)4.
The calculated linear thermal expansion and volume expansion coefficients as a function of temperature are shown in Fig 7(b) , The calculated linear thermal expansion coefficients at 300K are .The experimentally observed 28, 44 linear and volume thermal expansion behaviour are well reproduced by our calculations. We have compared the experimentally measured 44 fractional change in lattice parameters and volume with our calculated results as a function of temperature (Fig 7(c) ). We found that the calculated linear expansion along the a-axis is in a good agreement with the measurements; however, along the c-axis the calculations are slightly underestimated.
In Fig 8(a) , we have shown the mean square displacement of various atoms as a function of temperature. We have also compared the estimated value of the mean square displacement from diffraction measurements Further, the calculated elastic compliance 's13' has a large negative value, comparable with s33. It suggests that any change in 'c' axis would lead to change in the 'a' axis equal in magnitude but in opposite way.
Hence as temperature increases the 'c' axis decreases and expands the 'a' axis.
Since NTE behavior is largely determined by low energy phonon modes, and also NLC is governed by the elastic constants which are related to the low energy acoustic phonon modes, it seems then that the low energy modes dominated by dynamics of Au atoms play a major role in these anomalous behaviours. We have identified a few phonon modes which show large negative Grüneisen parameters, and contributing to anomalous thermal expansion behaviour of ZnAu2(CN)4. The displacement pattern of a few of the low energy modes at high symmetry points of the Brillouin zone are shown in Fig. 12 .
The modes can be better visualized by the animations which are available in the supplementary material 65 .
The Γ-point mode of 4.0meV( Γa= - 
C. High Pressure Phase transition
The compound ZnAu2 (CN)4 is known to undergo a high pressure structural transition at about 1.8
GPa

28
. The high-pressure phase also shows a NLC behaviour. The structure of the high-pressure phase (space group P6422) is related to the 2×2×2 super cell of the parent structure (space group P6222). The high pressure phase transition is reported to be of a displacive nature 28 . It has been argued show a mode splitting around the transition pressure which may be due to a lowering of the crystal symmetry at high pressure.
We have calculated the pressure dependence of crystal structure (i.e. atomic coordinates and lattice parameters) in both the phases. Table S-I   65 compares the calculated and measured structure of the highpressure phase at ~4GPa. The enthalpy calculation as a function of pressure has been done to investigate the phase transition. The difference in enthalpy (∆H) of the ambient and high-pressure phase as a function of pressure is shown in Fig 10(a) . We can see that the enthalpy difference below 1.5GPa is within the numerical accuracy of the calculation; however, above 1.5GPa, ∆H is significantly large and increases with increase in pressure (Fig 10(a) ). The calculation therefore indicates a phase transition at about 1.5
GPa.
In order to understand the nature of the phase transition we have performed the group theoretical analysis of phonons at the zone centre and various high symmetry points in Brillouin zone. The classification of phonon modes at various high symmetry points is given as:
Here the Γ5, Γ6, A5 and A6modesare double degenerate modes.
In Table S-I   65 , we have given the calculated distortion between ambient and high pressure structures at 4GPa. We have performed the amplitude mode analysis 66 , which indicates that the distortion induced by Γ1, A1, L2 and M1phonon modes in the ambient phase would lead to high pressure phase transition. We have calculated the structural distortion between the ambient phase and high-pressure phase structure as a function of pressure. This pressure dependent distortion is written in terms of distortions corresponding to the Γ1, A1, L2 and M1 points in the Brillouin zone (Fig 10(b) ).The distortion picks up above 1.5 GPa and saturated above 2 GPa. We found that the magnitude of the distortion due to the A1 point phonon is insignificant. The distortion at 4 GPa can be decomposed in terms of eigenvectors of the phonon modes at Γ1, L2 and M1 points in the Brillouin zone (Table S-II   65 ).
From the ab-initio lattice dynamics calculation, we have identified the specific phonon modes that correspond to the distortions noted above. We found that the L2-point phonon mode (1.7 meV at 0 GPa) is the primary distortion mode driving the high-pressure phase transition; however, there is also a significant contribution from Γ1(4.0meV at 0 GPa) and M1 (2.3meVat 0 GPa) point modes. It is interesting to note that the same L2-point phonon mode is also prominently involved in the mechanism of the negative thermal expansion along the c-direction. The displacement pattern 65 ( Fig. 9 ) of all these modes is discussed above in Section IVC. It seems these modes show a large transverse motion of -Zn-NC-Au-CN-Zn-linkage, where Au has a maximum amplitude of vibration and Zn(CN)4polyhedra do not show any internal dynamics (Fig. 9) .The difference in the structure of the ambient and the high-pressure phase at 4GPais largely attributed to Au, C and N dynamics (Table S-I   65 ). It seems that the large vibrational amplitude of Au atoms along with connected CN units may create the distortion and lower the symmetry of the structure.
In order to confirm the order of the phase transition, we have calculated the pressure dependence of the volume. The calculated volumes of the ambient and high-pressure phases (Fig. 11 ) have been normalised with respect to the volume of the ambient phase volume at zero pressure(V(P)/Vambient(P=0GPa)). We found a small volume drop (~1.2%) at the transition pressure,suggesting that the transition is of a weak first order nature, and is in a good agreement with the experimental data 28 . In Table II , we have also shown the calculated elastic constants and various Born stability criteria in the ambient pressure phase of ZnAu2(CN)4 as a function of pressure. We found that two of the Born stability criteria (C66-P>0 and C11-C12-2P > 0) are violated above 3GPa.i.e. the system becomes elastically unstable. It seems that although the phase transition is primarily driven by a L-point soft phonon mode, which usually leads to a second order transition with a 2×2×2 supercell, in the present case the structure is close to an elastic instability that leads to a weakly first order transition.
D Negative Linear Compressibility
The compound ZnAu2(CN)4 is known to exhibit a very large NLC behavior. The elastic compressibility along c-axis at ambient pressure is reported to be ~-42TPa We have performed pressure dependent calculation of the total energy and structure in both the phases. The calculated structure as a function of pressure reproduces the negative linear compressibility in both the phases. The calculated and measured lattice parameter changes with pressure have been compared in Fig 12. We found (Fig. 12 ) that on compression to 1.8 GPa, the a-axis contracts by about 10% whereas the c-axis expand by about 8%. NLC behaviour as observed along the c-axis from the experimental high pressure measurements 28 is reproduced by the calculations. We have also computed the elastic constants (Table II) as a function of pressure. The C33 elastic constant shows large variations on compression to 2.5 GPa. The elastic constant value is found to increase from 130 to 170 GPa. We have also computed the elastic compliance and elastic compressibility (Table III) . Magnitude of the computed NLC and PLC decreases as pressure increases (Table III) . This can also be seen in the elastic constant evolution as a function of pressure (Table II) . The computed elastic compliance matrixes for the high pressure phase at 2GPais
found to be in a good agreement with the measurements 28 . The origin of NLC can be understood by looking at the elastic compliance matrix. The elastic compliance along 'a' (s11) and 'c' axis (s33) are positive, and the shear compressibility s13 is large negative and comparable with s33. This indicates that the 'a' axis will contract, but the 'c' axis is elongated with increasing pressure. Another shear compliance component s12is also significantly negative. Interestingly this indicates that the effect of compression along the 'a' axis will also elongate the 'b' axis but with a reduced magnitude in comparison to the 'c' axis elongation. As pressure increases, the magnitude of s13decreases while that of s12 increases. This unusual behavior of elastic compliance is attributed to the double helical structure of ZnAu2(CN)4, which gives rise to a very flexible structure in 'a-b' plane.
V. Conclusion
We have used inelastic neutron scattering experiments and ab-initio calculations to gain deeper insights into the structure and dynamics of ZnAu2(CN)4as a function of temperature and pressure. The calculations of the structure, phonon spectrum, anisotropic thermal expansion and anisotropic compressibility are in an excellent agreement with experimental data. We have identified specific soft phonon features that correlate very well with the anomalous thermal expansion and compressibility exhibited by ZnAu2(CN)4. The pressure dependence of the phonon modes has been used to calculate the thermal expansion behaviour. The large anisotropy in the elastic compliance matrix, which is attributed to the flexible network and Au bridging, are responsible for the NLC behaviour. We have identified that the known high-pressure transition at about 2 GPa occurs due to softening of an L-point phonon mode
and its coupling with a zone-centre phonon and an M-point phonon. Further, the ambient phase is found to be close to an elastic instability as revealed from violation of the Born stability criteria, which results in the phase transition being of a weakly first order nature. The same L-point phonon is also found to be prominently associated with the mechanism of the negative thermal expansion along the hexagonal caxis. 
